Abstract: Focusing condition such as numerical aperture (N.A.) has a great influence on the creation of molten area and the stable welding process in fusion micro-welding of glass. In this study, a picosecond pulsed laser of 1064 nm in wavelength and 12.5 ps in pulse duration was tightly focused inside a borosilicate glass using objective lenses of numerical apertures 0.45, 0.65, and 0.85 with spherical aberration correction. Influence of numerical aperture on molten area formation was experimentally investigated through analysis of focusing situation in glass, and movement of absorption point, and then molten area characteristics were discussed. It is concluded that N.A. of 0.65 with superior focusing characteristics can form a large and continuous molten area without cracks, which enables achievement of stable joining of glass material by picosecond pulsed laser.
Introduction
Glass material is widely used in optics and semiconductor industries because of its excellent optical transparency, chemical durability, and heat resistance [1] [2] [3] . Recently, the reliable and stable joining of glass materials is required owing to the demand for glass products with small and complicated shapes [4, 5] . A lot of techniques such as optical contact [6] , the gluing method, and anodic bonding have been used to join glass materials together [7] . However, there are some disadvantages such as low bonding strength and long heating time at high temperature. In addition, space selective joining is not available, since these methods are designed for the spatially uniform joining of glass material [8, 9] .
Micro-welding of glass material by ultrashort pulsed lasers was reported by Tamaki et al. [10] , and ultrashort pulsed lasers have been proven to be a powerful and reliable tool for fusion micro-welding of glass material in the past several years [11, 12] . Fusion micro-welding by an ultrashort pulsed laser, which has the capability for space selective welding, is an ultra-high speed phenomenon with low thermal load [13] . This joining method can be accomplished by local heating without any intermediate layer and mechanical contact. In this method, ultrashort pulsed laser with high repetition rate leads to the melting glass material at the vicinity of focal region due to heat accumulation [14] . Therefore, glass material around the laser focusing point is heated above the melting point, and molten area is much larger than the focal volume. It should be noticed that the heat accumulation effect that produces a larger molten area is beneficial for fusion micro-welding of glass [15, 16] . Furthermore, the pulse energy of laser beam is deposited into the material at the focal volume through nonlinear absorption and/or subsequent linear absorption by the plasma [16, 17] . Miyamoto et al. [18] have shown that, in glass material, the absorption of laser energy is based on nonlinear photo-ionization and avalanche ionization, which originated from the nonlinear properties of ultrashort laser pulses. On the other hand, welding is normally recognized as a thermal process, and also a slow phenomenon with heat-melting process. Therefore, both nonlinear and heat-melting are used in fusion micro-welding of glass by ultrashort pulsed lasers, which is a unique combination.
Nordin et al. [19] reported that when picosecond pulsed laser was focused inside glass material in fusion micro-welding, the absorption point moved periodically in the laser irradiation direction, and the molten area was created around the focusing point. Thus, stabilization of absorption phenomena is important to obtain the stable welding process. In addition, multi-photon ionization and avalanche ionization are related to molten area appearance inside glass material [20] [21] [22] . Variations of numerical aperture (N.A.) affect the ray of laser beam inside glass due to refractive index, which would result in different laser intensities. Therefore, the influence of focusing condition such as numerical aperture on micro-welding characteristics is of great significance in achieving the stable welding process.
Cvecek et al. [23] reported that focusing objective lenses with a higher numerical aperture are necessary to generate plasma by nonlinear processes in micro-welding of glass by means of an ultrashort pulsed laser. However, minimal work has been reported discussing the influence of numerical aperture of objective lens on molten area specifically, while it has been reported that experiments with spherical aberration correction can get a stable and larger molten area than those without spherical aberration correction [19] . Besides, in order to adapt fusion micro-welding of glass material by ultrashort pulsed laser for industrial applications, stabilizing the welding process is required.
In this study, a picosecond pulsed laser of 1064 nm in wavelength and 12.5 ps in pulse duration was tightly focused inside the borosilicate glass by objective lenses of various numerical apertures with spherical aberration correction. The numerical apertures of objective lenses were 0.45, 0.65, and 0.85, respectively. Influence of numerical aperture on molten area formation was experimentally investigated through analysis of focusing situation in glass, movement of absorption point, and molten area characteristics. Firstly, the analysis results of ray tracking for numerical apertures and the measurement results of diameter of laser spot focused in glass were discussed. Then, the formation phenomena of molten area were recorded by high-speed observation of laser beam irradiated area, and the absorption rate was measured by the power meter. Finally, molten area characteristics such as the state, size, and shape were characterized.
Materials and Methods

Glass Material
The specimen used in this study was borosilicate glass (Schott, D263), which is a highly chemical resistant material with excellent transmission, low fluorescence, exceptional flatness and tight geometric properties [24] . Excellent stability and low coefficient of thermal expansion of D263 glass enable remarkable resistant to high temperature levels. Therefore, this type of glass is suitable for the micro-welding experiments. Table 1 shows the material properties of the glass used in this study. The size of the glass specimen is shown in Figure 1 .
heat accumulation effect that produces a larger molten area is beneficial for fusion micro-welding of glass [15, 16] . Furthermore, the pulse energy of laser beam is deposited into the material at the focal volume through nonlinear absorption and/or subsequent linear absorption by the plasma [16, 17] . Miyamoto et al. [18] have shown that, in glass material, the absorption of laser energy is based on nonlinear photo-ionization and avalanche ionization, which originated from the nonlinear properties of ultrashort laser pulses. On the other hand, welding is normally recognized as a thermal process, and also a slow phenomenon with heat-melting process. Therefore, both nonlinear and heat-melting are used in fusion micro-welding of glass by ultrashort pulsed lasers, which is a unique combination. Nordin et al. [19] reported that when picosecond pulsed laser was focused inside glass material in fusion micro-welding, the absorption point moved periodically in the laser irradiation direction, and the molten area was created around the focusing point. Thus, stabilization of absorption phenomena is important to obtain the stable welding process. In addition, multi-photon ionization and avalanche ionization are related to molten area appearance inside glass material [20] [21] [22] . Variations of numerical aperture (N.A.) affect the ray of laser beam inside glass due to refractive index, which would result in different laser intensities. Therefore, the influence of focusing condition such as numerical aperture on micro-welding characteristics is of great significance in achieving the stable welding process.
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Glass Material
The specimen used in this study was borosilicate glass (Schott, D263), which is a highly chemical resistant material with excellent transmission, low fluorescence, exceptional flatness and tight geometric properties [24] . Excellent stability and low coefficient of thermal expansion of D263 glass enable remarkable resistant to high temperature levels. Therefore, this type of glass is suitable for the micro-welding experiments. Table 1 shows the material properties of the glass used in this study. The size of the glass specimen is shown in Figure 1 . Figure 2 shows the schematic illustration of laser irradiation setup in bead-on-plate welding experiment. A picosecond pulsed laser of 1064 nm wavelength and 12.5 ps pulse duration was used as a laser source, which was tightly focused inside the glass specimen by an objective lens with spherical aberration correction. For fusion micro-welding by using ultrashort pulsed laser, 10 ps in pulse duration is typically preferable [25] . As this extreme short pulse duration makes it easy to achieve very high peak laser intensity with low pulse energies, and it shows better results such as nonlinear absorption inside transparent materials and melting phenomena by combining a high pulse repetition rate [26, 27] . In order to focus on discussing the influence of numerical aperture, pulse duration was fixed at 12.5 ps in this study. N.A. 0.45, 0.65, and 0.85 of objective lenses with spherical aberration correction were used. The specifications of laser oscillator are shown in Table 2 . The borosilicate glass (Schott, D263) specimen was fixed on a jig and scanned linearly by using several combinations of processing parameters. The laser beam was focused at 300 µm below the top surface of glass specimen, and molten area was formed inside the glass specimen by the laser irradiation [18] . The geometrical contour of one molten area was similar to tear drop, thus this kind of molten area is referred to as "teardrop-shaped" in this paper. Then, the molten area of glass specimen was observed by using an optical microscope. The observation directions such as top view, side view, and cross sectional view are shown in Figure 3 . Figure 2 shows the schematic illustration of laser irradiation setup in bead-on-plate welding experiment. A picosecond pulsed laser of 1064 nm wavelength and 12.5 ps pulse duration was used as a laser source, which was tightly focused inside the glass specimen by an objective lens with spherical aberration correction. For fusion micro-welding by using ultrashort pulsed laser, 10 ps in pulse duration is typically preferable [25] . As this extreme short pulse duration makes it easy to achieve very high peak laser intensity with low pulse energies, and it shows better results such as nonlinear absorption inside transparent materials and melting phenomena by combining a high pulse repetition rate [26, 27] . In order to focus on discussing the influence of numerical aperture, pulse duration was fixed at 12.5 ps in this study. N.A. 0.45, 0.65, and 0.85 of objective lenses with spherical aberration correction were used. The specifications of laser oscillator are shown in Table 2 . The borosilicate glass (Schott, D263) specimen was fixed on a jig and scanned linearly by using several combinations of processing parameters. The laser beam was focused at 300 m below the top surface of glass specimen, and molten area was formed inside the glass specimen by the laser irradiation [18] . The geometrical contour of one molten area was similar to tear drop, thus this kind of molten area is referred to as "teardrop-shaped" in this paper. Then, the molten area of glass specimen was observed by using an optical microscope. The observation directions such as top view, side view, and cross sectional view are shown in Figure 3 . 
High-Speed Observation Setup
In order to investigate the formation of molten area, the laser beam irradiation area was observed from the side using a high-speed video camera (Shimadzu Corporation HPV2A). The frame rate was 64,000 fps, and exposure time was a quarter of frame interval (4 µs), as shown in Table 3 . The laser beam was tightly focused inside the borosilicate glass specimen by objective lenses of N.A. 0.45, 0.65, and 0.85 with spherical aberration correction, which enabled the nonlinear absorption that resulted in the creation of a free electron plasma. In this observation, some laser pulses were captured in one image, but the molten area was formed by not only one laser shot but also the sum of multiple laser shots. Thus, the movement of absorption point could be detected, and a series of the plasma light movement could be captured to observe the absorption point movement, which was calculated by using the feed rate of specimen. In addition, two achromatic lenses with focal lengths of 60 mm and 100 mm were combined in the optical system of observation, as shown in Figure 4 . 
High-speed observation setup
In order to investigate the formation of molten area, the laser beam irradiation area was observed from the side using a high-speed video camera (Shimadzu Corporation HPV2A). The frame rate was 64,000 fps, and exposure time was a quarter of frame interval (4 s), as shown in Table 3 . The laser beam was tightly focused inside the borosilicate glass specimen by objective lenses of N.A. 0.45, 0.65, and 0.85 with spherical aberration correction, which enabled the nonlinear absorption that resulted in the creation of a free electron plasma. In this observation, some laser pulses were captured in one image, but the molten area was formed by not only one laser shot but also the sum of multiple laser shots. Thus, the movement of absorption point could be detected, and a series of the plasma light movement could be captured to observe the absorption point movement, which was calculated by using the feed rate of specimen. In addition, two achromatic lenses with focal lengths of 60 mm and 100 mm were combined in the optical system of observation, as shown in Figure 4 . 
Measurement Setup of Absorption Rate
Influence of numerical aperture on formation phenomena of molten area was investigated through measuring the absorption rate A ab , which was calculated using Equation (1) .
where E ab is the absorbed laser energy, E in is the input laser energy, R is the reflectivity at the surface of glass, and E tr is the transmitting laser power [19] . Measurement of the absorption rate A ab would be helpful to understand the formation of molten area deeply and hence, discussion of the size of molten area. As shown in Figure 5a , the reflectivity R, input laser energy E in and transmitting laser power E tr are the necessary factors to calculate the absorption rate A ab using Equation (1) . Since the reflectivity R and the input laser energy E in are known, the transmitting laser power E tr should be experimentally measured to obtain the absorption rate A ab . As can be seen from Figure 5b , the laser beam was focused inside the glass specimen fixed on a jig by the objective lenses of various numerical apertures, and a photodiode type power meter was placed 2.0 mm below the glass specimen to measure the transmitting laser power E tr . At this point, reflection and scattering phenomena of laser beam were not considered, and the measurement and calculated results were recorded as the absorption rate A ab .
of glass, and Etr is the transmitting laser power [19] . Measurement of the absorption rate Aab would be helpful to understand the formation of molten area deeply and hence, discussion of the size of molten area. As shown in Figure 5a , the reflectivity R, input laser energy Ein and transmitting laser power Etr are the necessary factors to calculate the absorption rate Aab using Equation (1) . Since the reflectivity R and the input laser energy Ein are known, the transmitting laser power Etr should be experimentally measured to obtain the absorption rate Aab. As can be seen from Figure 5b , the laser beam was focused inside the glass specimen fixed on a jig by the objective lenses of various numerical apertures, and a photodiode type power meter was placed 2.0 mm below the glass specimen to measure the transmitting laser power Etr. At this point, reflection and scattering phenomena of laser beam were not considered, and the measurement and calculated results were recorded as the absorption rate Aab. 
Ray Tracking Method
In order to investigate the influence of numerical aperture on focusing situation, an analysis of ray tracking for numerical apertures 0.45, 0.65, and 0.85 in air and glass were carried out, respectively. The analysis model of ray tracking is shown in Figure 6 . Ray tracking is defined as the path that laser beam went through when focused in air or glass, which is helpful to discuss the power density. Thirteen rays of laser beam were initially set in the distance D as the diameter of laser beam at the objective lens. In this analysis, 9.0 mm, 6.0 mm and 5.8 mm were defined for the cases of N.A. 0.45, 0.65, and 0.85, respectively. In other words, the density of ray was 1.44 rays/mm, 2.17 rays/mm and 2.24 rays/mm, respectively. Moreover, the angle of incidence  was 26.74 o , 40.54 o , and 58.21 o , respectively, for corresponding numerical aperture in air, which was calculated using Equation (2).
where n=1.0, which is the index of refraction of air [28] . Objective lenses with different numerical apertures were used to focus the laser beam, thus it was defined that the rays of laser beam intersected at one point. The focusing length of objective lens f were 9.0 mm, 3.6 mm, and 1.8 mm for N.A. 0.45, 0.65, and 0.85, respectively. 
In order to investigate the influence of numerical aperture on focusing situation, an analysis of ray tracking for numerical apertures 0.45, 0.65, and 0.85 in air and glass were carried out, respectively. The analysis model of ray tracking is shown in Figure 6 . Ray tracking is defined as the path that laser beam went through when focused in air or glass, which is helpful to discuss the power density. Thirteen rays of laser beam were initially set in the distance D as the diameter of laser beam at the objective lens. In this analysis, 9.0 mm, 6.0 mm and 5.8 mm were defined for the cases of N.A. 0.45, 0.65, and 0.85, respectively. In other words, the density of ray was 1.44 rays/mm, 2.17 rays/mm and 2.24 rays/mm, respectively. Moreover, the angle of incidence α was 26.74 • , 40.54 • , and 58.21 • , respectively, for corresponding numerical aperture in air, which was calculated using Equation (2) .
where n = 1.0, which is the index of refraction of air [28] . Objective lenses with different numerical apertures were used to focus the laser beam, thus it was defined that the rays of laser beam intersected at one point. The focusing length of objective lens f were 9.0 mm, 3.6 mm, and 1. 
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Influence of Numerical Aperture on Focusing Situation in Glass
Optical microscope was used to observe the side view of molten area in the scanning direction of laser beam, as shown in Figure 7 . The laser beam was tightly focused inside glass by objective lens of N.A. of 0.65 with spherical aberration correction. The pulse repetition rate, scanning velocity, and pulse energy were 1.0 MHz, 100 mm/s, and 1.5 µJ, respectively. As can be seen from the figure, the starting point of laser absorption was created when an ultrashort pulsed laser beam was tightly focused inside the glass, and the absorption area was expanded by the upward movement of the absorption point. Then, this absorption point was dropped down and shifted to the right side to complete the first cycle of molten area formation, and new starting point of laser absorption was established. The process was repeated periodically, and the welding lines were created. Therefore, molten area was not created by only one laser shot, but by the sum of multiple laser shots [19] . It is considered that the focusing condition such as numerical aperture has a great influence on this phenomenon, which is strongly related to the absorbed energy of the laser beam. 
Results and Discussion
Influence of Numerical Aperture on Focusing Situation in Glass
Optical microscope was used to observe the side view of molten area in the scanning direction of laser beam, as shown in Figure 7 . The laser beam was tightly focused inside glass by objective lens of N.A. of 0.65 with spherical aberration correction. The pulse repetition rate, scanning velocity, and pulse energy were 1.0 MHz, 100 mm/s, and 1.5 J, respectively. As can be seen from the figure, the starting point of laser absorption was created when an ultrashort pulsed laser beam was tightly focused inside the glass, and the absorption area was expanded by the upward movement of the absorption point. Then, this absorption point was dropped down and shifted to the right side to complete the first cycle of molten area formation, and new starting point of laser absorption was established. The process was repeated periodically, and the welding lines were created. Therefore, molten area was not created by only one laser shot, but by the sum of multiple laser shots [19] . It is considered that the focusing condition such as numerical aperture has a great influence on this phenomenon, which is strongly related to the absorbed energy of the laser beam. The results of ray tracking are shown in Figure 8a ,b. The most centralized part in the path of ray tracking was defined as the spot, and the distance between upper intersection point and bottom intersection point in laser beam axis was determined as the elongation distance of spot d1+d2. It can Figure 8b shows that rays of laser beam of each numerical aperture passed through the interface between air and glass. Then, the angle of ray changed because of a different refractive index at the interface between air and glass, according to the Snell's law. It can be seen that rays of laser beam did not intersect at one point, which indicated that the laser beam could not be focused in glass the same way as that in air. The value of d 1 + d 2 was smaller, when numerical aperture was lower, such as 0.45. This result showed that the distance of high power density in laser beam axis was shorter, and it was difficult to maintain absorption of laser energy. However, the rays of laser beam in laser irradiation direction diffused evidently, when the numerical aperture was higher. Therefore, higher numerical aperture indicated that the focusing situation was more likely to be disturbed. This is because higher numerical aperture such as 0.85 resulted in larger angle of incidence, and thus larger angle of refraction. This phenomenon caused loose focusing situation in glass and thus the reduction of power density. Thus, it can be considered that the spot diameter in glass would be decreased with increasing numerical aperture. N.A. of 0.65 showed superior focusing characteristics when compared with N.A. of 0.45 and 0.85, which enables achievement of stable welding of glass. The measurement results of spot diameter and absorption rate for various numerical apertures are discussed in subsequent sections. is the ratio of spot diameter in glass and spot diameter in air, which determines the expansion ratio of laser spot in glass to that in air. As can be seen from Figure 9c , spot diameter in air D s decreased with increasing numerical aperture. The laser spot in glass was expanded, compared to that in air for all numerical apertures of objective lenses, which was caused by refraction of laser beam in glass. In addition, higher numerical aperture showed larger spot expansion ratio than lower numerical aperture, which indicated that laser spot was largely expanded. This result agreed well with the conclusion of ray tracking that higher numerical aperture caused a loose focusing situation in glass. Therefore, numerical aperture has a great influence on the focusing situation of laser beam in glass, and it is important to choose a proper numerical aperture of objective lens in the fusion micro-welding of glass.
which was caused by refraction of laser beam in glass. In addition, higher numerical aperture showed larger spot expansion ratio than lower numerical aperture, which indicated that laser spot was largely expanded. This result agreed well with the conclusion of ray tracking that higher numerical aperture caused a loose focusing situation in glass. Therefore, numerical aperture has a great influence on the focusing situation of laser beam in glass, and it is important to choose a proper numerical aperture of objective lens in the fusion micro-welding of glass. 
Influence of Numerical Aperture on Movement of Absorption Point
As mentioned above, different focusing situations were obtained by using objective lenses of different numerical apertures. It was also understood that absorption point moved repeatedly in laser irradiation direction and molten area was created around the focusing point [19] . Therefore, it can be considered that numerical aperture would have an influence on movement of absorption point, and this was experimentally investigated by the formation phenomena of molten area and the absorption rate with different numerical apertures in this section.
The absorption of laser energy is based on multi-photon ionization and avalanche ionization of nonlinear phenomenon, when an ultrashort pulsed laser beam is tightly focused inside the glass. The focusing point is considered as the starting point for laser absorption, which is defined as the absorption point. In this study, high-speed video camera was used to observe the absorption point 
The absorption of laser energy is based on multi-photon ionization and avalanche ionization of nonlinear phenomenon, when an ultrashort pulsed laser beam is tightly focused inside the glass. The focusing point is considered as the starting point for laser absorption, which is defined as the absorption point. In this study, high-speed video camera was used to observe the absorption point movement without illumination light. Only plasma light was observed during this observation, which was easy to recognize the absorption point, as shown in Figure 10 . The laser irradiation condition of pulse repetition rate 1.0 MHz, scanning velocity 20 mm/s and pulse energy 2.4 µJ was employed in this experiment. In order to estimate the amount of effective laser pulses that reached the glass per spot volume, the number of overlapped laser pulses N was calculated using Equation (3) .
where D in is the spot diameter in glass, R p is the pulse repetition rate and v is the scanning velocity [29] .
Here, pulse repetition rate and scanning velocity are R p = 1.0 MHz and v = 20 mm/s, respectively. According to the results shown in Figure 9c , spot diameter D in is estimated as 10 µm. Therefore, the calculation result of N is 500, showing that 500 overlapped laser pulses reached the glass per spot volume in this experiment. In the captured images of Figure 10 , the absorption point of laser beam moved in upper direction with increasing time from the starting point. It should be noticed that there were two white spots at t = 0 µs. This phenomenon indicates the transition of absorption point, which was dropped down from the upper side. Then, the location of absorption point was measured in these captured images by calculating the feed rate of specimen. The location of lowest point of absorption movement was set to 0 m, and the direction to the laser source was considered as positive value. These measurement results were arranged as the relationship between location of absorption point La and time for various numerical apertures, which indicated the influence of numerical aperture on formation phenomena of molten area, as shown in Figure 11 . Figure 11a shows the measurement results at the start region of laser irradiation. N.A. of 0.45 showed a constant maximum location of absorption point from the start. On the other hand, maximum location of absorption point movement during one cycle increased with time at beginning in the case of N.A. of 0.65 and 0.85. Then, the location of absorption point of these two numerical apertures took a constant maximum value, and each cycle of absorption point movement was almost constant after 400 s and 300 s, respectively. This state was referred to as the steady region. After recounting the time, the relationship between Ha and time of the steady region is shown in Figure 11b . It can be seen that location of absorption point was varied by numerical apertures. Lower N.A., which showed a constant maximum location of absorption point from start of irradiation, obtained a larger location of absorption point and longer cycle of absorption point movement in the steady region, compared with higher N.A. However, longer movement of absorption point in case of lower N.A. caused longer cycle of heating and cooling in the upper and lower parts of molten area, and thus the imbalance of temperature distribution would result in a large thermal stress and unstable phenomena. In contrast, higher N.A., which showed increasing location of absorption point at the start of irradiation, obtained smaller location of absorption point and shorter cycle of absorption point movement in the steady region. Thus, accurate control of absorption point could be expected by using the objective lens of higher N.A. On the other hand, in the case of Then, the location of absorption point was measured in these captured images by calculating the feed rate of specimen. The location of lowest point of absorption movement was set to 0 µm, and the direction to the laser source was considered as positive value. These measurement results were arranged as the relationship between location of absorption point L a and time for various numerical apertures, which indicated the influence of numerical aperture on formation phenomena of molten area, as shown in Figure 11 . Figure 11a shows the measurement results at the start region of laser irradiation. N.A. of 0.45 showed a constant maximum location of absorption point from the start. On the other hand, maximum location of absorption point movement during one cycle increased with time at beginning in the case of N.A. of 0.65 and 0.85. Then, the location of absorption point of these two numerical apertures took a constant maximum value, and each cycle of absorption point movement was almost constant after 400 µs and 300 µs, respectively. This state was referred to as the steady region. After recounting the time, the relationship between H a and time of the steady region is shown in Figure 11b . It can be seen that location of absorption point was varied by numerical apertures. Lower N.A., which showed a constant maximum location of absorption point from start of irradiation, obtained a larger location of absorption point and longer cycle of absorption point movement in the steady region, compared with higher N.A. However, longer movement of absorption point in case of lower N.A. caused longer cycle of heating and cooling in the upper and lower parts of molten area, and thus the imbalance of temperature distribution would result in a large thermal stress and unstable phenomena. In contrast, higher N.A., which showed increasing location of absorption point at the start of irradiation, obtained smaller location of absorption point and shorter cycle of absorption point movement in the steady region. Thus, accurate control of absorption point could be expected by using the objective lens of higher N.A. On the other hand, in the case of N.A. of 0.65 and 0.85, it is considered that micro-welding without cracks can be achieved in a wide range of irradiation conditions because of smaller location of absorption point, shorter cycle of absorption point movement, and shorter cycle of heating and cooling.
of absorption point in case of lower N.A. caused longer cycle of heating and cooling in the upper and lower parts of molten area, and thus the imbalance of temperature distribution would result in a large thermal stress and unstable phenomena. In contrast, higher N.A., which showed increasing location of absorption point at the start of irradiation, obtained smaller location of absorption point and shorter cycle of absorption point movement in the steady region. Thus, accurate control of absorption point could be expected by using the objective lens of higher N.A. On the other hand, in the case of N.A. of 0.65 and 0.85, it is considered that micro-welding without cracks can be achieved in a wide range of irradiation conditions because of smaller location of absorption point, shorter cycle of absorption point movement, and shorter cycle of heating and cooling. In order to investigate the absorption rate A ab for various numerical apertures, the transmitting laser power E tr was measured by using a power meter. Then absorption rate A ab was calculated based on the measurement results of transmitting laser power E tr . Figure 12 shows the relationship between pulse energy and absorption rate of laser energy for various numerical apertures. As can be seen from the figure, absorption rate A ab increased with increasing pulse energy, and drastic change of absorption rate A ab occurred for all numerical apertures of objective lenses, which indicated that the absorption of laser energy in glass was a nonlinear phenomenon. N.A. of 0.65 showed the highest absorption rate compared to N.A. of 0.45 and 0.85. It is considered that longer cycle of absorption point movement and no absorption of laser energy during the interval time of teardrop-shaped molten area formation resulted in lower absorption rate in the case of N.A. of 0.45. However, N.A. of 0.85 showed a lower absorption rate, although the cycle of absorption point movement was short, which would be caused by the increased dispersion of laser beam at the focal point inside the glass. In order to investigate the absorption rate Aab for various numerical apertures, the transmitting laser power Etr was measured by using a power meter. Then absorption rate Aab was calculated based on the measurement results of transmitting laser power Etr. Figure 12 shows the relationship between pulse energy and absorption rate of laser energy for various numerical apertures. As can be seen from the figure, absorption rate Aab increased with increasing pulse energy, and drastic change of absorption rate Aab occurred for all numerical apertures of objective lenses, which indicated that the absorption of laser energy in glass was a nonlinear phenomenon. N.A. of 0.65 showed the highest absorption rate compared to N.A. of 0.45 and 0.85. It is considered that longer cycle of absorption point movement and no absorption of laser energy during the interval time of teardrop-shaped molten area formation resulted in lower absorption rate in the case of N.A. of 0.45. However, N.A. of 0.85 showed a lower absorption rate, although the cycle of absorption point movement was short, which would be caused by the increased dispersion of laser beam at the focal point inside the glass. 
Influence of Numerical Aperture on Molten Area Characteristics
It is well known that absorption point moved repeatedly in the laser irradiation direction and molten area was created around the focusing point. Thus, based on the discussion of absorption point movement, molten area characteristics such as the state, size and shape by different numerical Figure 12 . Influence of numerical aperture on absorption rate.
It is well known that absorption point moved repeatedly in the laser irradiation direction and molten area was created around the focusing point. Thus, based on the discussion of absorption point movement, molten area characteristics such as the state, size and shape by different numerical apertures were investigated in this section.
In order to discuss the state of molten area, considering the results of absorption rate mentioned above, laser intensity I ab at the focusing point was calculated using Equation (4) .
where E in is the input laser energy, A ab is the absorption rate, d s is the diameter of laser beam at focal point, and τ p is the pulse duration [30] . These calculation results were shown in Figure 13a , in which the triangular marks show discontinuous creation of molten area, the circular marks show the continuous creation of molten area without crack, and the cross marks show appearance of crack at the bottom tip. Figure 13b shows the example of these different states observed by the optical microscope, in the case of N.A. of 0.45. The discontinuous creation of molten area was observed from the top view at the pulse energy of 2.2 µJ, and the crack appeared at the bottom tip of molten area, as shown in cross sectional view at the pulse energy of 2.5 µJ. As can be seen from Figure 13a , N.A. of 0.65 can create a molten area without crack by using the highest laser intensity. This phenomenon shows that N.A. of 0.65 can absorb higher laser energy without cracks, which is expected to result in a large size of molten area compared with other N.A values. Therefore, objective lens with N.A. of 0.65 can achieve stable and efficient formation of molten area. The change in size of molten area under different pulse energies by various numerical apertures will be discussed later. Figure 14 shows the optical micro-photographs of the molten area observed from top and side direction for various numerical apertures. As can be seen from the figure, N.A. of 0.65 can achieve a larger size of molten area without crack generation from cross sectional view. However, the cracks were generated at the bottom tip of molten area, when N.A. of 0.45 was used. In the case of N.A. of 0.85, the size of molten area was small compared with N.A. of 0.45 and 0.65, although a laser beam was tightly focused.
Next, influence of numerical aperture on the size of molten area was investigated by measuring the height and width of molten area from cross sectional view under different pulse energies, as shown in Figure 15 . The size of molten area varied with change of numerical apertures, which was mainly because the location of absorption point was changed by numerical apertures as mentioned above. On the one hand, the size of molten area increased with increasing pulse energy with all numerical apertures, which is in accordance with the previous results that absorption rate increased with increasing pulse energy for all numerical apertures. On the other hand, lower numerical aperture could create a larger molten area, and the width by N.A. of 0.65 was the largest among all numerical apertures. This phenomenon corresponded to the previous results that N.A. of 0.65 showed the highest absorption rate compared with N.A. of 0.45 and 0.85. In addition, it also can be seen that N.A. of 0.65 could be used in a wider range of pulse energies than other N.A. values, which suggests that N.A. of 0.65 was more appropriate for the micro-welding process. As for N.A. of 0.85, there was almost no difference between the value of the height and width of the molten area. This phenomenon indicated that the molten area with N.A. of 0.85 did not elongate along laser beam axis evidently, which required accurate control of focusing position in the micro-welding of glass. In conclusion, it can be expected that absorbed energy in glass is higher and thus the reliable joining can be achieved, when the size of molten area increases with increasing the pulse energy with numerical aperture such as N.A. of 0.65. suggests that N.A. of 0.65 was more appropriate for the micro-welding process. As for N.A. of 0.85, there was almost no difference between the value of the height and width of the molten area. This phenomenon indicated that the molten area with N.A. of 0.85 did not elongate along laser beam axis evidently, which required accurate control of focusing position in the micro-welding of glass. In conclusion, it can be expected that absorbed energy in glass is higher and thus the reliable joining can be achieved, when the size of molten area increases with increasing the pulse energy with numerical aperture such as N.A. of 0.65. Figure 16 shows the optical micro-photographs of molten area in the scanning direction of laser beam. In this experiment, laser beam was irradiated 300 µm below the top surface of glass by objective lenses of various numerical apertures with spherical aberration correction at the conditions of pulse repetition rate 1.0 MHz and scanning velocity 100 mm/s. It can be seen that numerical aperture affected the shape of molten area, which varied with numerical aperture especially at the beginning of laser scanning. Lower N.A. such as 0.45 resulted in remarkable spike shape at the bottom of molten area, because absorption point dropped down from the top edge to the bottom one of molten area, and laser energy was not absorbed during this time. In addition, the highest points of absorption point were almost constant, and it could keep similar height of molten area from the beginning as shown in Figure 11 . However, remarkable spike shape might cause crack on molten area, which would result in low mechanical strength of welded glass. On the other hand, in the case of higher N.A. such as 0.65 and 0.85, continuous molten areas were formed. In these cases, it can also be seen that the location of absorption point gradually increased from the beginning of laser irradiation, and it resulted in a certain critical value. This phenomenon indicated that the absorption point was simultaneously formed and overlapped in the upper and lower parts of the molten area as shown in Figure 7 , thus continuous molten area was formed. Therefore, it can be expected that N.A. of 0.65 has superior focusing characteristics and can form continuous molten area, which leads to achieving a stable welding process and high mechanical strength of welded glass material.
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Conclusions
In this study, influence of numerical aperture on molten area formation in glass by picosecond pulsed laser was experimentally investigated. The ray tacking analysis could reveal the focusing situation inside glass material, which showed that higher numerical aperture of objective lens caused a loose focusing situation in glass. High-speed observation of laser irradiation area clarified the movement of absorption point inside glass material. The heat accumulation and much higher absorption will contribute to the creation of molten area. N.A. of 0.65 can absorb higher laser energy without cracks forming the continuous shape of molten area, and the width of molten area is the largest among various numerical apertures. Numerical aperture has a great influence on formation of molten area, and high numerical aperture is not the best. N.A. of 0.65 shows superior focusing characteristics, which makes it possible to achieve efficient formation of molten area and stable welding of glass. This phenomenon is important to conduct the micro-welding of glass by picosecond pulsed lasers. 
